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Hand, foot, and mouth disease (HFMD) is mainly caused by enteroviruses (EVs) and represents an 
important public health problem in China. The aim of this study was to investigate the epidemiological 
and genetic characteristics of EVs associated with HFMD in Jiaxing City in 2019–2022. In total, 
1807 clinical specimens collected from patients with HFMD were evaluated by real-time reverse 
transcription polymerase chain reaction, and 1553 EV-positive specimens were detected, including 
1018 coxsackievirus A6 (CVA6), 301 coxsackievirus A16 (CVA16), 94 coxsackievirus A10 (CVA10), 7 
enterovirus A71 (EV-A71), and 133 other EVs. A phylogenetic analysis revealed that the subgenogroups 
CVA6 D3a, CVA10 F, and CVA16 B1a B1b were predominant in Jiaxing. Compared with VP1 of the 
prototype strains of CVA6, CVA10, and CVA16, 34, 36, and 31 amino acid substitutions were detected, 
respectively. Children aged 1–5 years accounted for the majority of cases, and the infection rate was 
higher in males than in females. EV infection cases were clearly affected by the COVID-19 epidemic, 
with decreases in 2020 corresponding to the implementation of protective measures. These findings 
add to the global genetic resources for EVs and demonstrate the epidemiological characteristics and 
genetic features of HFMD in Jiaxing.
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Hand, foot, and mouth disease (HFMD) is a common, highly contagious pediatric viral infection, predominantly 
affecting infants and children under 5 years of age1,2. More than 20 types of enteroviruses (EVs) cause HFMD, 
including coxsackievirus (CV) A2–A8, CVA10, CVA16, and enterovirus A71 (EV-A71)3–5. EVs can be divided 
into four species (A–D). Most HFMD cases are caused by EV-A6. HFMD is usually a benign, self-limiting disease; 
however, a small number of patients develop serious neurological, respiratory, or circulatory complications, 
which can lead to death7,8. HFMD is transmitted by the fecal-oral route or through direct or indirect contact 
with secretions from the nose and throat. The main pathogen causing HFMD in the past was EV-A719. However, 
recent national surveillance has revealed changes in the pathogens causing HFMD. The incidences of HFMD 
caused by CVA6, CVA10, and CVA16 have been increasing in China and worldwide.

Human EV is a nonenveloped single-stranded positive-sense RNA virus with a total genome length of 
approximately 7.4 kb, which encodes four structural proteins (VP1–VP4)10. The VP1 protein is an important 
target site for the main viral capsid protein and neutralizing antibodies, which can directly influence the 
antigenicity of the virus11. The VP1 genotype corresponds to the virus serotype; the gene is highly evolutionarily 
conserved and is an important marker for genotyping and genetic evolutionary analyses of viruses3,12,13.

Jiaxing City consists of two districts (Nanhu and Xiuzhou) and five counties (Haining, Tongxiang, Pinghu, 
Jiashan, and Haiyan). The population was 5.5 million in year. It is located in the core urban agglomeration of 
Yangtze River Delta within 100 km of Shanghai, Hangzhou, and Suzhou, with very convenient transportation 
and substantial personnel exchange. Surveillance of the epidemiological characteristics of HFMD in this region 
is of great significance for disease control and prevention.
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In this study, samples from children with HFMD in Jiaxing in 2019–2022 were analyzed based on VP1 gene 
sequences to evaluate the causal pathogens and to clarify the epidemiological and genetic characteristics of 
HFMD in the region.

Materials and methods
Sample collection
Samples were obtained from suspected HFMD cases in five counties and two districts under the jurisdiction of 
Jiaxing City. A total of 1807 samples from patients were collected between 2019 and 2022, including 1002 fecal 
samples and 805 throat swab samples. Among these, 406 samples were collected in 2019, 391 samples in 2020, 
585 samples in 2021, and 425 samples in 2022. In most cases, the symptoms were mild, including fever, rash, 
stomatitis, oral herpes, oral ulcer, nausea, vomiting, cough, and runny nose. A small proportion of patients had 
body temperatures as high as 40 °C, lasting up to 3 days. Samples were collected in special virus sampling tubes 
and delivered to the laboratory for storage in a -70 °C refrigerator. Informed consent was obtained for sample 
collection.

Viral RNA extraction and identification of EVs
RNA extraction was performed using the Beijing Tiangen Nucleic Acid Extractor. Each sample was tested for 
nucleic acids using the EV/EV-A71/CVA16(cat. No SKY-8305) and CVA6/CVA10(cat. No SKY-8318 F) kits from 
Mabsky (Shenzhen, China) and CFX96™ Real-time PCR Detection System (Bio-Rad, USA). A 25 µL reaction 
system including 1 µL of enzyme mixture, 19 µL of reaction solution, and 5 µL of viral nucleic acids was used. 
PCR cycling parameters were set up according to the manufacturer’s instructions as follows: 50 °C for 30 min 
and 95 °C for 10 min, followed by 45 cycles of 95 °C for 10 s and 55 °C for 40 s. A positive result was defined as 
a cycle threshold (Ct) value ≤ 37, and the positive control was defined as a Ct ≤ 35.

Selection of PCR-positive samples for complete VP1 sequencing
Sixty CVA6, 20 CVA10, and 20 CVA16 specimens were randomly selected according to years, and primers 
were synthesized for amplification of the VP1 gene. Primers were shown in Table 1, experimental system, and 
procedure were described in the study process performed by Nix WA and Oberste MS14. The PCR products were 
identified by 1.5% agarose gel electrophoresis, and those with positive results were sent to BioGerm Medical 
Technology Co., Ltd. for sequencing. Results were compared with sequences in the GenBank database for EV 
typing. Sequences were searched using BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

Bioinformatics analysis
The VP1 gene sequences obtained in this study were analyzed together with sequences of reference strains. 
Phylogenetic trees were constructed using the neighbor-joining (NJ) method with the Kimura 2-parameter 
model implemented in MEGA 6.0. Bootstrap analysis (1000 replicates) was used to evaluate branch support. 
The nucleotide and amino acid sequence identity were analyzed using DNASTAR 7.1 software. Amino acid 
substitutions were analyzed using MEGA 6.0.

Ethics statement
This study did not involve human participants or human experimentation. Only specimen (fecal samples and 
throat swab samples) collected from HFMD patients for public health purposes. Written informed consent for 
the use of their clinical samples was obtained from the parents of the children whose samples were analyzed. 
This study was approved by Jiaxing Center for Disease Control and Prevention, all experimental protocols were 
approved by Jiaxing Center for Disease Control and Prevention, and the methods were carried out in accordance 
with the approved guidelines.

Results
Epidemiological features of EVs in HFMD in Jiaxing from 2019 to 2022
The number of hand, foot, and mouth disease cases remained relatively stable across each month in 2019. 
However, a notable decline was observed from February to June in 2020, followed by a sharp surge from August 
to October. The peak was detected in June 2021. HFMD cases declined from January to September 2022, but 
rebounded from October to December. EV-A71 was only detected in 2019. CVA6 was the most frequent subtype 
in each year. There was a noticeable increase in CVA10 from 2019 to 2021 but was not detected in 2022. CVA16 
was detected each year, but decreased substantially in 2020. In 2019, the predominant types were mainly CVA16 
(141/406, 34.7%) and CVA6 (165/406, 40.6%), with a small number of CVA10 (5/406, 1.2%), EV-A71 (7/406, 
1.7%) types, and PE (positive for other enteroviruses except EV-A71, CVA16, CVA10, CVA6) (15/406, 3.6%) 
strains coexisting. By 2020, CVA6 (275/391, 70.3%) had become the most dominant type, with a small number 
of PE (30/391, 7.6%), CVA10 (18/391, 4.6%), and CVA16 (8/391, 2.0%) types also present. Entering 2021, CVA6 

Strain Forward primer Reverse primer

CVA6 ​C​T​T​C​G​T​A​G​T​G​C​C​A​C​C​A​G​A​T​A ​G​T​G​G​C​G​A​G​A​T​G​T​C​G​G​T​T​T​A

CVA10 GCTCAGTAACACTCAYTTYCG CTCGAGAACTGTCYTCCCA

CVA16 ​A​T​T​G​G​T​G​C​T​C​C​C​A​C​T​A​C​A​G​C ​G​C​T​G​T​C​C​T​C​C​C​A​C​A​C​A​A​G​A​T

Table 1.  Primers used in this study for complete VP1 sequencing.

 

Scientific Reports |        (2025) 15:14546 2| https://doi.org/10.1038/s41598-025-99251-x

www.nature.com/scientificreports/

https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.nature.com/scientificreports


(302/585, 51.6%), CVA16 (91/585, 15.5%), CVA10 (71/585, 12.1%), and PE (78/585, 13.3%) all exhibited a 
certain degree of prevalence, indicating a relatively wide distribution of HFMD types that year. And by 2022, 
CVA6 (276/425, 64.9%) once again emerged as the most dominant type, followed by CVA16 (61/425, 14.3%), 
with a small number of PE (10/425, 2.3%) still present (Figs. 1 and 2).

During surveillance, we found no serious cases of HFMD in 2019, four hospitalizations in 2020, three 
hospitalizations in 2021, two hospitalizations in 2022, and no fatal cases. The incidence of HFMD was higher in 

Fig. 2.  Distribution of enterovirus serotypes in 2019–2022 in Jiaxing. The horizontal axis represents the years, 
the vertical axis represents the number of cases, and the pillars of different colors represent different types. PE 
represent positive for other enteroviruses except EV-A71, CVA16, CVA10, CVA6.

 

Fig. 1.  Monthly distribution of HFMD cases in 2019–2022 in Jiaxing. The horizontal axis represents the years, 
the vertical axis represents the number of cases, and the pillars of different colors represent different months.
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males than in females for 4 consecutive years, with male-to-female ratios of 1.40:1 in 2019, 1.16:1 in 2020, 1.60:1 
in 2021, and 1.43:1 in 2022. Of all cases, 75.4% were children aged 1–5 years, 18.1% were children aged 6–8 years, 
and 6.5% were children over 9 years old, Table 2.

Samples from 1807 suspected HFMD cases in 2019–2022 were obtained, revealing 1018 CVA6-positive cases 
(56.3%), 301 CVA16-positive cases (16.7%), 94 CVA10-positive cases (5.2%), 7 EV-A71-positive cases (0.4%), 
133 positive for other enteroviruses (7.4%), and 254 negative samples (14.1%).

Nucleotide and amino acid similarity of VP1 of CVA6, CVA16, and CVA10
Full-length VP1 sequences of CVA6 (n = 53/60), CVA10 (n = 14/20), and CVA16 (n = 16/20) were obtained. After 
removing identical sequences for the same month of the same year, 67 strains were included in the analysis, 
including 45 CVA6, 9 CVA10, and 13 CVA16.

Nucleotide and amino acid sequence identity were analyzed using 45 CVA6 VP1 gene sequences obtained 
in this study and CVA6 prototype strain Gdula(AY421764.1, 2004). The VP1 gene was 915 bp and encoded 305 
amino acids. The nucleotide and amino acid sequence identities of 45 CVA6 VP1 sequences were 92.79–100.0% 
and 97.38–100.0%, respectively. Compared with the prototype strain, the nucleotide and amino acid sequence 
identities were 81.97–83.61% and 94.43–96.39%, respectively. The nucleotide and amino acid similarities of 
samples across different years were also presented in Table 3. The VP1 gene of 13 CVA16 was 891 bp, encoding 
297 amino acids, with 87.21–99.89% nucleotide similarity and 97.98–100% amino acid similarity. Compared 
with the prototype strain G-10 (U05876.1, 1994), the nucleotide and amino acid sequence identities were 
74.75–76.09% and 91.25–92.26%, respectively, Table 4. The VP1 gene of nine CVA10 was 894 bp, encoding 298 
amino acids. The nucleotide sequences of CVA10 strains shared 94.41–100% nucleotide identity and 95.3–100% 
amino acid identity. Comparisons with the prototype strain Kowalik(AF081300.1, 1999) showed 76.06–77.52% 
nucleotide identity, corresponding to 88.93–92.28% amino acid identity, Table 5.

Phylogenetic analysis of CVA6, CVA16, and CVA10 based on complete VP1 sequences
The 45 CVA6 strains obtained in our study and CVA6 reference strains available from GenBank were used for a 
phylogenetic analysis based on the complete VP1 gene sequences. The cladogram indicated that all CVA6 strains 
were divided into four genotypes, which were designated as A, B, C, and D. The D genotype was further divided 
into D1–3 sub-genotypes. Sub-genotype D3 was further subdivided into two lineages, designated as D3a and 
D3b. All 45 Jiaxing CVA6 strains in this study (collected in 2019–2022) belonged to D3a. CVA6 strains obtained 
in this study were closely related to the CVA6 stains isolated from other provinces and cities of China, such as 
Beijing(OL830029.1, 2019) and Yunnan(LC413180.1, 2017), which were assigned to the D3a lineage but formed 
distinct clusters (Fig. 3). These findings indicated that D3a was the predominant genotype in Jiaxing from 2019 
to 2022 and co-circulated with other CVA6 of China, which belonged to different transmission chains.

A phylogenetic tree was constructed based on VP1 of 13 CVA-16 strains and CVA16 obtained from the 
GenBank database. All CVA16 strains found in Jiaxing belonged to the B1 subgenotype (Fig. 4). The 13 CVA16 
strains were divided into two clades, B1a (six strains) and B1b (seven strains). CVA16 strains obtained in this 
study were closely related to stains isolated from other provinces and cities of China, such as Nanjing(KP751580.1, 
2011), Guangzhou(KJ865506.1, 2012), and Henan(KM260130.1, 2014). All CVA10 strains obtained in this study 
belonged to the F genotype based on the phylogenetic analyses and were closely related to the CVA10 stains 
isolated fromYunnan(MK814854.1, 2018; LC481439.1, 2018; LC556010.1, 2019) (Fig. 5).

Sample Nucleotide(%) Amino Acid(%)

All samples 92.79–100 97.38–100

2019 samples 93.22–99.13 98.69–100

2020 samples 93.66–99.89 98.69–100

2021 samples 93.44–99.89 97.38–100

2022 samples 94.75–99.89 98.03–100

AY421764.1_Gdula_A 81.97–83.61 94.43–96.39

Table 3.  Nucleotide similarity and amino acid homology of CVA6 VP1 gene in Jiaxing.

 

Year Case CVA6 CVA16 CVA10 EV-A71 PE Negative Sex ratio (male-to-female) Hospitalization Age Distribution

2019 406 165 (40.6%) 141 (34.7%) 5 (1.2%) 7 (1.7%) 15 (3.7%) 73 (18.0%) 1.40:1 0 1–5 years 1362 (75.4%)

2020 391 275 (70.3%) 8 (2.0%) 18 (4.6%) 0 30 (7.7%) 60 (15.3%) 1.16:1 4 6–8 years 327 (18.1%)

2021 585 302 (51.6%) 91 (15.6%) 71 (12.1%) 0 78 (13.3%) 43 (7.4%) 1.60:1 3 Over 9 years 118 (6.5%)

2022 425 276 (64.9%) 61 (14.4%) 0 0 10 (2.3%) 78 (18.4%) 1.43:1 2

Table 2.  The demographic data of HFMD cases in Jiaxing. The left side displays the number and proportion of 
various types, sex distribution ratio, and hospitalization counts of HFMD cases across different years, while the 
right side presents the case distribution ratio by age group. PE represent positive for other enteroviruses except 
EV-A71, CVA16, CVA10, CVA6.
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VP1 deduced amino acid sequence analysis of CVA6, CVA16, and CVA10
For the CVA6 sequences, when compared with the prototype strain Gdula(AY421764.1, 2004), 34 amino acid 
substitutions were found, among which 11 substitutions were shared among all newly obtained strains. For 
the CVA10 sequences, when compared with the prototype strain Kowalik(AF081300.1, 1999), 36 amino acid 
substitutions were found, including 20 residues with substitutions in all newly obtained strains. For CVA16, 
when compared with the prototype strain G-10 (U05876.1, 1994), 31 amino acid substitutions were found, 
including 22 residues with substitutions in all newly obtained strains. See Tables in Supplementary material.

Discussion
HFMD is caused by a variety of EVs. Although specific immunity can be acquired after infection with certain 
EVs, there is a lack of cross-protection among different EV types12,15,16. Continuous molecular monitoring 
provides valuable data for understanding the circulation and evolutionary patterns of viruses. CVA6, CVA10, 
and CVA16 have been the leading causes of HFMD in Jiaxing, China in recent years; however, information on 
these strains is limited. In this study, we analyzed the epidemiological and genetic characteristics of HFMD in 
Jiaxing from 2019 to 2022 to provide a theoretical basis for disease prevention and control.

The CVA6 strain accounted for the largest proportion of HFMD cases, followed by CVA16 and CVA10. 
In 2020, cases decreased substantially from February to June. This could be attributed to the COVID-19 
pandemic; additional protective measures during this period (e.g., wearing masks, and reducing movement 
and aggregation) were effective for preventing HFMD infection. Cases increased dramatically from August 
to December, corresponding with the relaxation of epidemic prevention and control measures, including the 
reopening of schools. In 2021, cases were sporadic, with increases in May and June, similar to the pattern in 2019. 
The incidence of COVID-19 was low in 2021; therefore, the spread of HFMD was not influenced by prevention 
and control measures. Most cases were detected in June, probably because of seasonal factors, as children are 

Nucleotide (%)

Amino acid (%)

1 2 3 4 5 6 7 8 9 10

1 *** 76.96 77.52 76.85 76.85 76.73 76.29 77.29 76.96 76.06 1 AF081300.1 Kowalik

2 91.61 *** 95.75 99.66 99.66 96.87 95.41 96.09 99.78 94.41 2 JX-CHN-CVA10-1

3 91.95 98.32 *** 95.86 95.86 96.87 95.75 98.99 95.97 94.63 3 JX-CHN-CVA10-2

4 91.95 99.66 98.66 *** 100 96.98 95.53 96.2 99.89 94.52 4 JX-CHN-CVA10-3

5 91.95 99.66 98.66 100 *** 96.98 95.53 96.2 99.89 94.52 5 JX-CHN-CVA10-4

6 91.95 98.66 98.99 98.99 98.99 *** 96.76 97.2 97.09 95.97 6 JX-CHN-CVA10-5

7 92.28 98.66 98.99 98.99 98.99 99.33 *** 96.09 95.64 94.41 7 JX-CHN-CVA10-6

8 92.28 98.99 99.33 99.33 99.33 99.66 99.66 *** 96.31 94.97 8 JX-CHN-CVA10-7

9 91.95 99.66 98.66 100 100 98.99 98.99 99.33 *** 94.63 9 JX-CHN-CVA10-8

10 88.93 95.3 95.64 95.64 95.64 95.97 95.97 96.31 95.64 *** 10 JX-CHN-CVA10-9

1 2 3 4 5 6 7 8 9 10

Table 5.  Nucleotide similarity and amino acid homology of CVA10 VP1 gene in Jiaxing.

 

Nucleotide(%)

Amino acid (%)

1 2 3 4 5 6 7 8 9 10 11 12 13 14

1 *** 75.53 75.76 74.75 75.65 76.09 75.42 75.31 74.86 74.75 75.08 75.31 75.76 75.53 1 U05876.1_G-10-A

2 91.58 *** 88.55 98.99 88.44 87.77 88.44 96.52 87.99 96.75 96.86 96.41 88.55 87.77 2 JX-CHN-CVA16-1

3 92.26 98.65 *** 88.22 99.89 91.69 98.65 87.99 95.51 89.56 87.77 87.32 99.78 95.29 3 JX-CHN-CVA16-2

4 91.58 100 98.65 *** 88.1 87.88 88.33 96.63 88.1 97.08 97.19 96.97 88.22 87.43 4 JX-CHN-CVA16-3

5 92.26 98.65 100 98.65 *** 91.58 98.54 87.88 95.4 89.45 87.88 87.21 99.66 95.4 5 JX-CHN-CVA16-4

6 92.26 99.33 99.33 99.33 99.33 *** 91.92 88.33 91.47 89.56 88.1 88.1 91.69 91.92 6 JX-CHN-CVA16-5

7 92.26 98.65 100 98.65 100 99.33 *** 88.1 95.74 89.23 87.88 87.65 98.43 95.51 7 JX-CHN-CVA16-6

8 91.25 99.66 98.32 99.66 98.32 98.99 98.32 *** 87.88 96.41 97.31 96.86 87.99 87.88 8 JX-CHN-CVA16-7

9 91.25 98.32 98.99 98.32 98.99 98.99 98.99 97.98 *** 88.78 87.88 87.65 95.29 94.73 9 JX-CHN-CVA16-8

10 91.58 99.33 99.33 99.33 99.33 98.65 99.33 98.99 98.32 *** 96.86 96.41 89.56 89 10 JX-CHN-CVA16-9

11 91.25 99.66 98.32 99.66 98.32 98.99 98.32 99.33 97.98 98.99 *** 98.88 87.77 88.33 11 JX-CHN-CVA16-10

12 91.58 100 98.65 100 98.65 99.33 98.65 99.66 98.32 99.33 99.66 *** 87.32 87.88 12 JX-CHN-CVA16-11

13 92.26 98.65 100 98.65 100 99.33 100 98.32 98.99 99.33 98.32 98.65 *** 95.06 13 JX-CHN-CVA16-12

14 91.58 98.65 99.33 98.65 99.33 99.33 99.33 98.32 98.99 98.65 98.32 98.65 99.33 *** 14 JX-CHN-CVA16-13

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Table 4.  Nucleotide similarity and amino acid homology of CVA16 VP1 gene in Jiaxing.
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Fig. 3.  Phylogenetic analyses of the full-length VP1 sequences of CVA6. The phylogenetic tree indicates 
that evolutionary branch D3a was responsible for infections in Jiaxing during 2019–2022. Closed red circle 
represents the samples from Jiaxing.
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more sensitive to the virus under extreme temperatures and wet conditions17,18. Strict control measures against 
COVID-19 in 2022 could explain the low number of HFMD cases February to September.

In this study, the prevalence of HFMD among children aged 1–5 years was above 75% in Jiaxing, indicating 
that children in this age range are at high risk of HFMD. The prevalence is higher in boys than in girls, probably 

Fig. 4.  Phylogenetic analyses of the full-length VP1 sequences of CVA16. The phylogenetic tree indicates that 
evolutionary branch B1a and B1b were responsible for infections in Jiaxing during 2019–2022. Closed red 
circle represents the samples from Jiaxing.
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Fig. 5.  Phylogenetic analyses of the full-length VP1 sequences of CVA10. The phylogenetic tree indicates that 
evolutionary branch F was responsible for infections in Jiaxing during 2019–2022. Closed red circle represents 
the samples from Jiaxing.
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because boys are more active and more frequently exposed to infectious agents (e.g., via more frequent touching 
of unclean toys and facilities).

The EV-A71 vaccine plays a crucial role in reducing the number of HFMD cases and the severity and mortality 
rates of EV-A71 infections9,18,19. Consistent with previous observations, we found a substantial decrease in the 
number of HFMD cases caused by EV-A71, with the virus disappearing during the COVID-19 pandemic. EV-
A71 may have a lower mutation rate than those of CVA6, CVA16, and CVA1013,20. Low diversity in EV-A71 
might reduce its fitness and transmissibility, explaining the decrease in the EV-A71 prevalence10,21.

HFMD-associated CVA6 subgenogroup D3 was first described following an outbreak in Finland in 2008, and 
was subsequent detected in other countries across Europe22–25. In this study, we found that the D3a lineage was 
the predominant virus in Jiaxing from 2019 to 2022. There was no evidence for other emerging subgenotypes. 
A phylogenetic tree based on full-length VP1 sequences revealed that the prevalent CVA6 strains in Jiaxing 
co-circulated and evolved with CVA6 strains isolated from other regions in China, and the strains in this study 
might have multiple transmission chains. China exhibits substantial variation in terrain and climate. Therefore, 
the transmission and duplication abilities of CVA6 differ across regions. The subgenotype D3a of CVA6 probably 
has stronger transmissibility, infectivity, and virulence, explaining its persistent widespread circulation.

CVA16 could be divided into two genotypes: A and B. Genotype B is divided into subgenotypes B1 and B2. 
The B1 subtype is further divided into two evolutionary branches: B1a and B1b11,21,26,27. In the past decade, 
B1a and B1b subtypes were the main CVA16 types involved in HFMD cases in mainland China, especially 
in the eastern region. In this study, the two subtypes B1a and B1b were both prevalent from 2019 to 2022. A 
phylogenetic analysis indicated that the B1a subtype is closely related to endemic strains in Guangzhou and 
Beijing. The B1b subtype was closely related to endemic strains in Nanjing, Guangzhou, and Henan. Therefore, 
CVA16 strains causing HFMD in Jiaxing were closely related to strains in other provinces and cities in China.

HFMD associated with CVA10 is more severe than that associated with other strains and more likely to 
cause serious nervous system diseases28, such as aseptic meningitis and viral meningitis, especially in younger 
children12,20,29; CVA10 is now the main cause of severe HFMD, in addition to EV-A714,19,28. Currently, preventive 
vaccines and specific therapeutic drugs are not available for CVA1030. Thus, more research on the genetic 
characteristics and evolution of CVA10 is required. The full-length VP1 sequences of nine CVA10 in this study 
revealed that they belonged to the F genotype. In mainland China, cocirculating genotype F strains have been 
the predominant CV-A10 strains, indicating that the nine CVA10 isolates are epidemic strains.

CVA6 is often associated with mild cases and outbreaks of HFMD10,15,24. Here, we detected nine novel amino 
acid substitutions in the VP1 region, not detected by Zhou et al.13 : R68H (n = 1/45, 2.2%), V71I (n = 2/45, 4.4%), 
V89I (n = 3/45, 6.7%), G95S (n = 1/45, 2.2%), L145M (n = 1/45, 2.2%), N241D (n = 1/45, 2.2%), V244I (n = 1/45, 
2.2%), M267I (n = 2/45, 4.4%), and I278V (n = 1/45, 2.2%). Although the frequencies of these variants were low, 
continued monitoring is needed. Additionally, CVA6 samples from our study demonstrated higher rates of the 
amino acid substitution S97N in the VP1 region than those in previous reports. Zhou et al.13 found that 6.2% 
(n = 4/65) of samples contained the S97N substitution, compared with 33.3% (n = 15/45) of our CVA6 samples, 
and this could potentially be associated with major neutralizing/antigenicity epitopes.

Among 13 CVA16 samples, we detected five novel variants in the VP1 region compared with those reported 
by Zhou et al.13, A30S (n = 1/13, 7.7%), A50G (n = 1/13, 7.7%), T103A (n = 1/13, 7.7%), T164K (n = 6/13, 46.2%), 
and V251I (n = 6/13, 46.2%). In total, 46.2% of sequences contained the T164K and V251I mutations, requiring 
further attention.

Twenty-one high-frequency amino acid substitutions in CVA-10 strains in China were reported by Yao et 
al.30, including mutations at residues 13, 14, 16, 21, 23, 24, 25, 27, 28, 31, 33, 70, 78, 81, 107, 148, 153, 240, 
261, 285, and 291 in the VP1 region. In this study, mutations were detected at 20 of these previously described 
variable sites, in addition to 16 novel variants in the VP1 region of CVA10: S22N (n = 1/9, 11.1%), R72K (n = 4/9, 
44.4%), Q223L (n = 9/9, 100%), R239K (n = 1/9, 11.1%), R263S (n = 1/9, 11.1%), R266S (n = 1/9, 11.1%), Q268H 
(n = 1/9, 11.1%), N274I (n = 1/9, 11.1%), N277K (n = 1/9, 11.1%), D279V (n = 1/9, 11.1%), S280R (n = 1/9, 11.1%), 
K282T (n = 1/9, 11.1%), I283V (n = 9/9, 100%), T284V/A (n = 9/9, 100%), S286N (n = 1/9, 11.1%), and D289Y 
(n = 1/9, 11.1%). Four amino acid residues showed high mutation frequencies, sites 72, 223, 283, and 284. The 
above variants in the VP1 region of CVA6, CVA16, and CVA10 may contribute to future changes in virulence, 
antigenic properties, or genotype switches in circulating EVs in China.

Conclusions
In conclusion, this study provides genetic data for multiple HFMD-associated EVs. CVA6 subgenogroup D3a, 
CVA16 subgenogroups B1a and B1b, and CVA10 subgenogroup F were the predominant EV lineages in Jiaxing, 
Zhejiang Province, China. Our phylogenetic analysis of the main serotypes of EVs causing HFMD adds to our 
knowledge about enteroviral evolution and circulation. However, further research on amino acid variation and 
its effects on virulence, antigenic shifts, and genotype switches in EVs is required.

Data availability
The nucleotide sequences generated in this study were submitted to GenBank ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​n​c​b​i​.​n​l​m​.​n​i​h​
.​g​o​v​/​g​e​n​b​a​n​k​/​​​​​) under accession numbers PP482040-PP482052 for CVA16, PP797300-PP797308 for CVA10, 
PQ082971-PQ083015 for CVA6.
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